Iron oxide catalysts supported on nanostructured silica SBA-15 were synthesized with various iron loadings using two different precursors. Structural characterization of the as-prepared Fe O /SBA-15 samples was performed by nitrogen physisorption, X-ray diffraction, DR-UV-Vis spectroscopy, and Mössbauer spectroscopy. An increasing size of the resulting iron species correlated with an increasing iron loading. Significantly smaller iron species were obtained from (Fe(III), NH 4 )-citrate precursors compared to Fe(III)-nitrate precursors. Moreover, smaller iron species resulted in a smoother surface of the support material. Temperatureprogrammed reduction (TPR) of the Fe O /SBA-15 samples with H 2 revealed better reducibility of the samples originating from Fe(III)-nitrate precursors. Varying the iron loading led to a change in reduction mechanism. TPR traces were analyzed by modelindependent Kissinger method, Ozawa, Flynn, and Wall (OFW) method, and model-dependent Coats-Redfern method. JMAK kinetic analysis afforded a one-dimensional reduction process for the Fe O /SBA-15 samples. The Kissinger method yielded the lowest apparent activation energy for the lowest loaded citrate sample ( ≈ 39 kJ/mol). Conversely, the lowest loaded nitrate sample possessed the highest apparent activation energy ( ≈ 88 kJ/mol). For samples obtained from Fe(III)-nitrate precursors, decreased with increasing iron loading. Apparent activation energies from model-independent analysis methods agreed well with those from model-dependent methods. Nucleation as rate-determining step in the reduction of the iron oxide species was consistent with the Mampel solid-state reaction model.
Introduction
Metal oxide catalysts with complex chemical compositions are often employed in selective oxidation reactions [1] . Not only oxygen mobility and lattice diffusion but also redox properties of the metal oxide catalyst significantly influence performance in selective oxidation. Therefore, understanding reduction and reoxidation kinetics is a fundamental starting point for deducing reliable structure-activity correlations. Iron-containing catalysts are active in nitrogen oxides removal, Friedel-Crafts reactions, Fischer-Tropsch synthesis, catalytic methane decomposition, and selective oxidation reactions [1] [2] [3] [4] [5] [6] [7] . Moreover, redox promotors such as Fe 2+ /Fe 3+ are used to improve redox properties of selective oxidation catalysts [1, 8, 9] . In catalysis research, more often than not, revealing reliable structure-activity correlations requires reducing chemical and structural complexity of metal oxide catalysts. Moreover, catalytic reactions occur on the surface of the catalysts, while the surface structure may differ significantly from that of the bulk. Therefore, dispersing metal oxides on well-defined support materials may result in suitable model systems. Various synthesis procedures have been used for dispersing active iron oxide species on suitable support materials. However, achieving well-dispersed and small or even isolated iron species on the support remains challenging [3] . Nanostructured silica materials, such as SBA-15, represent suitable support materials for metal oxide catalysts [10] . Furthermore, the size of the resulting species can be influenced by using various precursors for synthesis [3] .
Evolution of structure and function of heterogeneous catalysts are frequently determined under nonisothermal conditions. Hence, additional solid-state kinetic analysis of experimental data measured under these conditions may be 2 Journal of Analytical Methods in Chemistry helpful in corroborating structure-activity correlations [11] [12] [13] [14] . Experimental measurements for solid-state kinetic analysis can be performed under either isothermal or nonisothermal reaction conditions. Dependent on reaction conditions, fundamentally different analysis methods are required. Moreover, in contrast to isothermal conditions, solid-state kinetic investigations under nonisothermal conditions require a more complex mathematical analysis. In this work, we aimed at establishing solid-state kinetic analysis procedures for treating conventional temperature-programmed reduction data. Although originally intended for analyzing data measured for bulk samples, these procedures are shown to be equally useful for treating data measured for supported oxide species.
For solid-state kinetic analysis of data measured under nonisothermal conditions, two approaches can be distinguished. First, solid-state kinetic data can be analyzed by model-independent Kissinger or isoconversional method of Ozawa, Flynn, and Wall (OFW). Whereas the Kissinger method yields one apparent activation energy of the ratedetermining step, the OFW method yields an evolution of apparent activation energy as function of reaction degree . Model-independent kinetic analysis is not based on any model assumptions; consequently the "kinetic triple" (apparent activation energy , preexponential factor of the Arrhenius-type temperature-dependence of the rate constant, and suitable solid-state reaction model ( )) cannot be identified. Therefore, a second complementary approach to solid-state kinetic analysis is required. Model-dependent solid-state kinetic analysis employs several solid-state kinetic reaction models ( ). After identifying the suitable solidstate reaction model, the "kinetic triple" can be determined.
Here, iron oxide catalysts supported on SBA-15 as suitable model catalyst for selective oxidation were studied under various nonisothermal reaction conditions. Influence of iron loading and various precursors on structural and kinetic properties of the catalysts was investigated.
Experimental

Sample Preparation.
Mesoporous silica SBA-15 was prepared according to Zhao et al. [10] . The surfactant, Pluronic5 P123, was dissolved in a mixture of deionized water and HCl (37%) and the reaction mixture was stirred at 308 K for 24 h. Tetraethyl orthosilicate (TEOS) was added to the solution and the reaction mixture was stirred at 308 K for 24 h and then hydrothermally treated in pressure-resistant bottles at 388 K for 24 h. The obtained white solid was filtered, washed with a mixture of deionized water and ethanol (20 : 1), air-dried, and calcined. Calcination was carried out in three steps: (I) 378 K for 135 min, (II) 453 K for 3 h, and (III) 873 K for 5 h. The heating rate was kept at 1 K/min. Iron oxides supported on SBA-15 were prepared by incipient wetness technique. Therefore, an aqueous solution of (Fe(III), NH 4 )-citrate or Fe(III)-nitrate was used. After drying in air for 24 h, calcination was carried out at 723 K for 2 h. According to the iron loading and the used precursor, samples were denoted as 2. 
Nitrogen Physisorption.
Nitrogen adsorption/desorption isotherms were measured at 77 K using a BELSORP-mini II (BEL Japan, Inc.). Prior to measurements, the samples were pretreated under reduced pressure (10 −2 kPa) at 368 K for 35 min and kept under the same pressure at 448 K for 15 h (BELPREP-vac II).
Transmission Electron Microscopy.
Transmission electron microscopy (TEM) images were recorded on a FEI Tecnai G 2 20 S-TWIN microscope equipped with a LaB 6 cathode and a 1k × 1k CCD camera (GATAN MS794). Acceleration voltage was set to 220 kV and samples were prepared on 300 mesh Cu grids with Holey carbon film.
Powder X-Ray Diffraction.
Powder X-ray diffraction patterns were obtained using an X'Pert PRO diffractometer (PANalytical, 40 kV, 40 mA) in theta/theta geometry equipped with a solid-state multichannel detector (PIXel). Cu K radiation was used. Wide-angle diffraction scans were collected in reflection mode. Small-angle diffraction patterns were measured in transmission mode between 0.4 ∘ and 6 ∘ 2 in steps of 0.013 ∘ 2 with a sampling time of 90 s/step.
Diffuse Reflectance UV-Vis Spectroscopy.
Diffuse reflectance UV-Vis (DR-UV-Vis) spectroscopy was conducted on a two-beam spectrometer (V-670, Jasco) using a barium sulfate coated integration sphere (scan speed: 100 nm/min; slit width: 5.0 nm (UV-Vis) and 20 nm (NIR); and spectral region: 2000-220 nm). SBA-15 was used as white standard for all samples.
Mössbauer Spectroscopy.
Zero-field 57 Fe Mössbauer spectroscopic measurements were conducted on a transmission spectrometer with sinusoidal velocity sweep. Velocity calibration was done with an -Fe foil at ambient temperature. Measurements of samples 2.0 wt% Fe Nitrate and 7.2 wt% Fe Nitrate were performed using a Janis closedcycle cryostat with the sample container entirely immersed in Helium exchange gas at 14 and 300 K. Combined with measurements over a time period of about one to twelve days, the helium exchange gas ensured a gradient-free sample temperature. The sample temperature was recorded with a calibrated Si diode located close to the sample container made of Teflon or PEEK (polyether ether ketone), providing a temperature stability of better than 0.1 K. Additional measurements of samples 9.3 wt% Fe Nitrate, 7.2 wt% Fe Nitrate, 2.0 wt% Fe Nitrate, and 10.7 wt% Fe Citrate were carried out on a spectrometer equipped with a Cryovac continuous flow cryostat with comparable specifications, geometry, and sample environment as described above. The nominal activity of the Mössbauer sources used was about 50 mCi of 57 Co in a rhodium matrix. Spectra at 4 K were recorded every 30 minutes during overall measurement duration. Each Mössbauer spectrum shown here corresponds to the last spectrum in the respective series. Quantitative analysis of the recorded spectra was conducted on basis of the stochastic relaxation model developed by Blume and Tjon [15] , in which the magnetic hyperfine field hf fluctuates randomly between two directions (+ hf and − hf ) along the symmetry axis of an axially symmetric electric field gradient tensor. Using this model is motivated by the observation of a significant line broadening, in particular in the spectra obtained for 7 
Temperature-Programmed Reduction.
Temperature-programmed reduction (TPR) was performed using a BELCAT-B (BEL Japan, Inc.). Samples were placed on silica wool in a silica glass tube reactor. Evolving water was trapped using a molecular sieve (4Å). Gas mixture consisted of 5% H 2 in 95% Ar with a total gas flow of 40 ml/min. Heating rates used were 5, 10, 15, and 20 K/min to 1223 K. A constant initial sample weight was used and H 2 consumption was continuously monitored by a thermal conductivity detector. 9.3 wt% Fe Nitrate, is depicted in Figure 2 . The dark contrast (arrows in Figure 2 ) indicated the presence of iron species in the pore channels of SBA-15. In addition to BET method and BJH method, the modified FHH method was used to analyze the nitrogen physisorption data. Herein, the fractal dimension was determined as a measure of the roughness of the surface [16, 17] . For Fe O /SBA-15 samples, as well as SBA-15, the fractal dimension was between 2 and 3. This indicated a rough surface. In order to elucidate the effect of supported iron species on surface roughness of the support material, Δ values were calculated as difference from values of SBA-15 and those of the corresponding Fe O /SBA-15 samples. In contrast to the nitrate samples, citrate samples possessed significantly higher values of Δ (Tables 1 and  2 ). Therefore, compared to those of the nitrate samples, the edge energy values than the corresponding nitrate samples. Therefore, iron species obtained by citrate precursor were smaller compared to those obtained by nitrate precursor.
Results and Discussion
X-Ray Diffraction.
Mössbauer Spectroscopy.
Mössbauer spectra of 9.3 wt% Fe Nitrate and 10.7 wt% Fe Citrate recorded above 200 K showed a broadened and asymmetric doublet independent of the used precursor. Therefore, this doublet was analyzed using two nonequivalent Fe sites. The determined values for the isomer shift and the quadrupole shift are consistent with those reported for superparamagnetic particles of Fe 2 O 3 [20, 21] . At low temperatures, that is, at 14 K for 9.3 wt% Fe Nitrate and at 4 K for 10.7 wt% Fe Citrate (Figure 6 ), the doublet almost disappeared and a magnetically split hyperfine pattern was detected. This observation indicated the presence of small superparamagnetic iron oxidic species. The related Mössbauer parameters (Table 3) are furthermore consistent with those reported for (magnetically blocked) superparamagnetic particles with a local geometry similar to Fe 2 O 3 supported on SBA-15 [20] . Therefore, a blocking temperature lower than 200 K implied an upper limit for the Fe species diameter of <10 nm [22] (Table 3 ), indicating a bimodal particle size distribution.
The Mössbauer spectra of the lower loaded nitrate samples, 7.2 wt% Fe Nitrate and 2.0 wt% Fe Nitrate, also exhibited a broadened and asymmetric doublet at 300 K with similar values for isomer shift and quadrupole splitting as determined for 9.3 wt% Fe Nitrate. While this doublet almost completely transformed into a magnetically split sextet for sample 9.3 wt% Fe Nitrate at 14 K (vide supra), this transformation remained incomplete in the Mössbauer spectra of 7.2 wt% Fe Nitrate and 2.0 wt% Fe Nitrate at 14 K (Figure 7) . The determined site population ratio of the doublet relative to the magnetically split sextet signal increased systematically with decreasing iron loading from about 2 : 98 for 9.3 wt% Fe Nitrate to 45 : 55 for 2.0 wt% Fe Nitrate (Table 3) . Furthermore, a similar trend was observed for the determined values The first reduction step can be assigned to the reduction of Fe(III) oxidic species to Fe(II) oxidic species. The small iron species of the lowest loaded citrate and nitrate sample interacted strongly with the surface of SBA-15, preventing further reduction in the applied temperature range. Hence, these samples showed only one single reduction peak in the TPR profile. Conversely, the larger iron species in the higher loaded citrate and nitrate samples exhibited further reduction of the Fe(II) species and, hence, a two-step or even three-step reduction mechanism. Thus, increasing iron loading resulted in weaker interactions between iron species and support material. For both, nitrate and citrate samples, an increasing temperature of the first TPR maxima correlated with an increasing iron loading. Furthermore, nitrate samples showed a shift of the TPR maxima to lower temperatures compared to the citrate samples. This shift of the TPR maxima indicated better reducibility of the nitrate samples. The mechanical mixture Fe 2 O 3 /SBA-15 exhibited two TPR maxima with a shoulder at the second TPR peak, indicating a three-step reduction ( Figure 10 ). TPR traces of the mechanical mixture differed significantly from those of the Fe O /SBA-15 samples. Moreover, neither the Fe O /SBA-15 samples nor the mechanical mixture showed a TPR profile characteristic for crystalline Fe 2 O 3 ( Figure 10 ). Differences in the TPR profiles of the mechanical mixture and crystalline Fe 2 O 3 resulted from differences in both particle sizes and dispersion of Fe 2 O 3 crystallites [23] . Dispersion of smaller Fe 2 O 3 crystallites on SBA-15 in the mechanical mixture compared to pure Fe 2 O 3 induced a decreased first TPR peak and a shift of the second TPR peak to lower temperature. Significantly smaller Fe 2 O 3 crystallites of the mechanical mixture correlated with a significantly decreased first reduction peak [23] . 
Reduction Kinetics under Nonisothermal Conditions.
In the following, a more detailed solid-state kinetic analysis of the reduction traces is presented. Besides TPR traces of all nitrate samples, those of the mechanical mixture and the lowest loaded citrate sample were analyzed. After transforming TPR traces to reduction degree traces, model-independent and model-dependent solid-state kinetic analysis methods were applied. All Fe O /SBA-15 samples showed symmetrically shaped TPR profiles. This indicates no rate limitation by removal of the small amount of H 2 O formed by reduction of the low concentration of iron species on SBA-15. Additionally, mass transport limited processes exhibit characteristic apparent activation energies of less than 10 kJ/mol [24] . Apparent activation energies for all Fe O /SBA-15 samples were significantly higher than 10 kJ/mol. Therefore, mass transport limitation of reactant gas H 2 was considered to be not ratelimiting in the reduction of Fe O /SBA-15.
Kissinger Method. Apparent activation energy
of the rate-determining step during reduction was determined by applying the Kissinger method. Therefore, ln[ / 2 ] was depicted as function of 1/ [11, 25] . Here, corresponded to the first maximum of the TPR traces (Figures 8-10) . From the slope of the resulting straight line, the apparent activation energy for the reduction of Fe O /SBA-15 was calculated ( Figure 11 ). The lowest loaded citrate sample possessed the lowest apparent activation energy of 39 ± 8 kJ/mol. The highest apparent activation energy of 88 ± 8 kJ/mol was calculated for sample 2.0 wt% Fe Nitrate (Table 4) . Increasing the iron loading of the nitrate samples resulted in a decreasing apparent activation energy of the rate-determining step during reduction. Moreover, results of the Kissinger method also correlated with the species size resulting from DR-UVVis and Mössbauer spectroscopy. Hence, increasing size of the iron species of the nitrate samples was accompanied by better reducibility and a decreasing apparent activation energy of reduction. The apparent activation energy of the mechanical mixture was calculated to be 59 ± 7 kJ/mol. This lower apparent activation energy compared to the nitrate samples was consistent with a further increased species size. 
Method of Ozawa, Flynn, and Wall.
A single apparent activation energy value resulting from the Kissinger method may not be sufficient for a detailed kinetic analysis of a solid-state reaction. Therefore, the isoconversional, modelindependent OFW method was applied for determining the evolution of the apparent activation energy of the ratedetermining step as function of reduction degree [11, [26] [27] [28] . Reduction degree traces were extracted by integration of the TPR traces measured at various heating rates . First, temperatures , for defined reduction degrees were determined from the experimental traces at various heating rates. Temperatures , were determined for reduction degrees in the range of 0.1 and 0.8, with Δ = 0.1. Second, decade logarithm of the heating rate as function of 1000/ , for the different reduction degrees was calculated based on log ( ) = log ( 
with heating rate , preexponential (frequency) factor at reduction degrees , apparent activation energy at reduction degrees , , integral solid-state reaction model ( ), gas constant , and temperatures , . Figure 12 20, the apparent activation energy was corrected according to Senum-Yang [11, 26] . The resulting apparent activation energy together with the apparent activation energy determined by Kissinger method is depicted in Figure 13 .
The apparent activation energy obtained from the Kissinger method for samples 2.5 wt% Fe Citrate and 2.0 wt% Fe Nitrate agreed with the apparent activation energy obtained from the OFW method ( Figure 13 ). Furthermore, apparent activation energies ( ) of the lowest loaded citrate and nitrate samples were invariant in the range within the error limits. Thus, a single-step reduction mechanism was assumed for the lowest loaded Fe O /SBA-15 samples corresponding to the single reduction peak in the TPR profiles of these samples (Figures 8 and 9 ). Such a reaction mechanism is more similar to homogeneous kinetics than to complex heterogeneous kinetics. Compared to the lowest loaded citrate and nitrate samples, 7.2 wt% Fe Nitrate differed not only in the higher apparent activation energy values but also in the evolution of the apparent activation energy as function of reduction degree. The increase of the apparent activation energy may indicate a change in rate-determining step during a more complex reduction mechanism [29] . Moreover, such a more complex reduction mechanism correlated with the multistep TPR profile due to the presence of larger, weakly interacting iron species for sample 7.2 wt% Fe Nitrate (Figure 9 ).
Coats-Redfern Method.
In addition to the modelindependent Kissinger and OFW methods, the modeldependent Coats-Redfern [30] method provided a complementary analysis of nonisothermal kinetic data. Compared to a model-independent kinetic analysis, model-dependent analysis enables a more detailed characterization of the reaction mechanism. Here, resulting activation energies are based on assuming a suitable solid-state kinetic model. The Coats-Redfern method can be expressed by
with the integral solid-state reaction model ( ), temperature , heating rate , apparent activation energy of ratedetermining step , gas constant , and preexponential (frequency) factor A. Plotting ln[ ( )/ 2 ] as function of reciprocal temperature results in straight lines for suitable solid-state reaction models. Linear regression was conducted to determine the apparent activation energy. Here, only reaction models ( ) resulting in both suitable apparent activation energies and good linear regressions were selected for further analysis [30, 31] .
For the reduction of 2.5 wt% Fe Citrate, 2.0 wt% Fe Nitrate, 7.2 wt% Fe Nitrate, and the mechanical mixture Fe 2 O 3 /SBA-15, reduction degree curves were analyzed. Applied solid-state reaction models were nucleation models, including power law models (P) and Avrami-Erofeyev models (A), as well as the autocatalytic Prout-Tompkins model (B1). Furthermore, diffusion models (D), geometrical contraction models (R), and reaction order-based models (F) were tested [31] . D4, F1, A2, R2, and B1 solid-state reaction models revealed wide linear ranges by plotting ln[ ( )/ 2 ] as function of reciprocal temperature for sample 2.5 wt% Fe Citrate. Apparent activation energies for those models as obtained from the slope of the resulting straight lines are given in Table 5 .
Compared to the results of the Kissinger and OFW methods, apparent activation energies at different heating rates were significantly higher for the D4 model and significantly lower for the A2 model. Hence, D4 and A2 reaction models were not considered for further analysis. The B1 model (i.e., Prout-Tompkins model) yielded apparent activation energies similar to those obtained from Kissinger and OFW methods. 
JMAK Kinetics.
In order to enable a geometrical description of the reduction reaction under nonisothermal conditions, Johnson-Mehl-Avrami-Kolmogorov (JMAK) kinetic analysis was applied [33, 34] . JMAK kinetics are based on the following equation:
with heating rate , apparent activation energy of the ratedetermining step , temperature , gas constant , reduction degree , topological dimension m, and Avrami exponent n. Plotting ln[− ln (1 − ) ] as function of reciprocal temperature at different heating rates resulted in straight lines (Figure 14(a) ). From the slope of the resulting straight lines, the topological dimension can be determined. Here, the apparent activation energy obtained by the Kissinger method was inserted in (3). Based on (3), the Avrami exponent is derived according to
with Avrami exponent , reduction degree , heating rate , and temperature . Thus, values of ln[− ln (1 − ) ] were calculated at fixed temperatures and plotted as function of ln( ). Temperature intervals were equidistant. The slopes of the resulting straight lines (Figure 14(b) ) were used to determine the Avrami exponents. Plotting ln[− ln(1 − )] as function of reciprocal temperature did not afford straight lines for sample 2.5 wt% Fe Citrate. Therefore, JMAK kinetics were not applied to the data of this sample. Topological dimension and Avrami exponent as function of temperature and heating rate for sample 7.2 wt% Fe Nitrate and 2.0 wt% Fe Nitrate are depicted in Figures 15 and 16 . Topological dimension and Avrami exponent for both samples were one. A topological dimension of one corresponded to linear and one-dimensional iron species in these nitrate samples. Onedimensionality was consistent with the iron species being in the pore system of SBA-15. At = = 1, the reduction mechanism is governed by site saturation. Thus, at the beginning of the reduction, nucleation sites either already existed or were formed immediately.
The Coats-Redfern method identified the F1, Mampel, and solid-state kinetic reaction model being suitable to describe the kinetic data. The Mampel model is consistent with the assumption of site saturation. Moreover, the Mampel model represents an exception of the Avrami-Erofeyev model with an Avrami exponent of = 1. Hence, results from JMAK kinetic analysis and model-dependent Coats-Redfern method agreed well for the nitrate samples.
The mechanical mixture Fe 2 O 3 /SBA-15 exhibited a higher topological dimension. Topological dimension as function of the heating rate ranged between 2 and 3 ( Figure 17 Apparently, for both supported systems and the mechanical mixture, the results of conventional characterization and solid-state kinetic analysis corroborated each other. This showed that the concept of solid-state kinetic analysis (i.e., nonisothermal reaction conditions and model-dependent as well as model-independent methods) can be successfully applied to supported systems in addition to conventional bulk materials. Time-and temperature-dependent measurements such as TPR or TG/DTA are readily used in characterizing supported materials. Those techniques, however, yield little to no structural details of the supported species. Hence, solid-state kinetic analysis of the already available data can give additional information without additional experimental effort.
Conclusions
Iron oxides supported on SBA-15 were successfully synthesized using two different precursors (Fe(III)-nitrate and (Fe(III), NH 4 )-citrate). Independent of the precursor, an increasing size of iron species correlated with an increasing iron loading. For all Fe O /SBA-15 samples, a longrange ordering of iron oxidic species was excluded. Fe(III)-nitrate precursor induced larger iron oxide species. Conversely, (Fe(III), NH 4 )-citrate precursor resulted in smaller iron species accompanied by more distinct smoothing of the SBA-15 surface. Temperature-programmed reduction of the Fe O /SBA-15 samples revealed better reducibility of the nitrate samples compared to the citrate samples. The lowest loaded nitrate and citrate sample possessed a single-step reduction mechanism. Conversely, higher loaded Fe O /SBA-15 samples revealed a more complex multistep reduction mechanism.
Solid-state kinetic analysis using model-dependent and model-independent methods demonstrated their applicability to dispersed iron species on a high surface area support material. Iron species obtained from the lowest loaded citrate precursor exhibited the lowest apparent activation energy. In the series of nitrate samples, a decreasing apparent activation energy and an increasing size of the iron species correlated with an increasing iron loading. Coats-Redfern method identified the Mampel reaction model as suitable to account for the rate-determining step in reduction. Moreover, site saturation, as suggested by the Mampel reaction model, was consistent with the results of JMAK analysis ( = = 1).
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